The effects of cyclic extrusion and compression (CEC) processing on the microstructure and mechanical properties of ZK60 Mg alloy were investigated at room temperature. ZK60 alloy was dramatically refined by CEC processing at 350 C. In addition, the initial fiber texture became disintegrated and changed into a f10 1 13gh30 3 32i þ f10 1 11gh1 5 543i texture. Due to microstructure refining and texture variation, the compressive yield stress of ZK60 alloy increased remarkably while the tensile yield stress decreased slightly. As a result, the intensity of strength-differential effect (SDE) of ZK60 alloy was decreased noticeably. The ductility of ZK60 alloy also enhanced, especially under compression test condition.
Introduction
Magnesium alloys have great potential to be used as structural materials because of being the lightest of all structural alloys in use. 1) Although wrought alloys are known to offer generally better mechanical properties than casting alloys, structural applications of wrought Mg alloys are still scarce. 2) One of major problems encountered in wrought components is the poor workability. The strength-differential effect (SDE), which means the compressive yield stress is much lower than tensile yield stress, 3) also limits its application in some special conditions. The SDE is induced by extrusion process and caused by the texture and particular deformation mode of the hexagonal structure of Mg alloys. 2, 4) In order to enlarge the usage of Mg alloys, further improvements of their mechanical properties, including ductility and strength, are strongly demanded. Grain refinement is obviously one way to solve the problem. 5) A number of grain refining techniques have been studied in previous researches. Among them, cyclic extrusion and compression (CEC), a kind of severe plastic deformation (SPD) method, is quite effective for Mg-based alloys due to the CEC processing enables exert large hydrostatic compressive stresses during deformation avoiding sample cracking. [6] [7] [8] [9] [10] However, the effect of CEC processing on the mechanical properties of Mg alloy was seldom reported. Therefore, the present research aimed to investigate the effects of CEC processing on the microstructure, texture, mechanical properties, and SDE of as-extruded ZK60 alloy.
Experimental Procedure
ZK60 alloy used in present study has a chemical composition of Mg-5.5 wt% Zn-0.5 wt%Zr. The alloy was received as extruded rods with a diameter of 30 mm and then was cut into 42 mm length cylinders. Before CEC processing, the rod was annealed at 350 C for 1.5 h, and the die was preheated to 350
C. Figure 1 schematically shows the cyclic extrusion and compression machine and its operation procedure. CEC was carried out by pushing a sample from one cylindrical chamber with a diameter D to another one with equal dimensions, through a die with smaller diameter d.
The graphite was used as lubricant. For the final extrusion the opposite ram was removed (Fig. 1f) , the cumulated true strain was calculated by the equation: 
where n is the number of extrusion passes. In the present study, d and D are 20 mm and 30 mm, respectively. The strain of each pass is 1.62 and up to 8 passes were performed. After CEC deformation, longitudinal section microstructure and texture were examined by optical microscope (OM, LEICA MEF4M) and X-ray diffraction (PW1820 Philips), respectively. Mechanical properties tests were performed using a universal testing machine at an initial strain rate of 5 Â 10 À4 s À1 at room temperature. Tensile dog-bone samples with a gauge section of 10 mm Â 3 mm Â 1:5 mm and cuboid compressive samples with a gauge section of 8 mm Â 5 mm Â 5 mm were cut from the materials along extrusion direction using electro-discharge machine.
Results and Discussion

Microstructure and texture
Figure 2(a) presents the optical micrograph of ZK60 alloy before CEC. It can be seen that the grain size distribution tends to be rather heterogeneous: the large grains (some coarser than 50 mm) are accompanied with some fine recrystallized grains, which are finer than 5 mm. After CEC processing, the microstructure of ZK60 alloy is dramatically refined and uniformed. The average grain sizes before and after CEC process are $20 and $1:5 mm, respectively.
The {0002} and f10 1 10g pole figures of ZK60 alloy before and after CEC are shown in Fig. 3 . Before CEC, the asreceived ZK60 alloy exhibits a strong h10 1 10i fiber texture which commonly exist in as-extruded Mg alloys.
12,13) After 8 passes CEC processing, the initial fiber texture became disintegrated and a new f10 1 13gh30 3 32i þ f10 1 11gh1 5 543i texture developed. The new texture indicates that the during CEC process a large portion of basal planes in the asextruded alloy have been rotated to the directions oriented more favorably for slip (Fig. 4) . Figure 5 shows the stress-strain curves of as-extruded and 8 passes CECed ZK60 alloy under tensile and compressive test, respectively. Prior to CEC, it can be seen that the stressstrain behavior of compression is quite different from that of tension. The compressive curve exhibited a much lower yield stress and a clear yielding plateau, namely, a low work hardening at low strains and a subsequent gradual increase of the hardening until close to the peak stress and fracture. On the other hand, the tensile curve exhibited a higher yield stress, and subsequently low work hardening until close to the peak stress. The CYS and TYS are 141 MPa and 238 MPa, respectively. After 8 passes CEC deformation, the difference of stress-strain behavior between compression and tension weakened remarkably. The CYS increases to 206 MPa and the TYS decreases to 192 MPa. Moreover, the elongation is enhancing dramatically, especially under compressive condition. So, it can be deduced that, after CEC process, different plastic deformation mechanisms have taken place during compressive and tensile deformation.
Mechanical properties
(b)
Measured
Strength-differential effect (SDE)
The plastic deformation methods have a strong influence on the anisotropy of mechanical properties of wrought magnesium alloys.
2) Figure 6 shows the effect of extrusion method on the SDE of Mg alloys. The value of SDE is calculated by following equation:
According to this expression, the higher absolute-value of SDE, the stronger anisotropy of mechanical properties is. As shown in Fig. 6 , the absolute value of SDE is decreased with changing the extrusion method from direct to indirect to hydrostatic, 15) but there is still a significant asymmetry between CYS and TYS. In contrast, after 8 passes CEC, the SDE presents a positive value 0.08, nearly zero, namely, the anisotropy of mechanical properties is weakened.
The limited number of active deformation systems in hexagonal close-packed (hcp) Mg alloys results in the formation of a strong crystallographic texture upon mechanical processing. The anisotropy of mechanical properties is due mainly to a pronounced texture.
2) As shown in Fig. 3 , after the CEC, the original fiber texture became disintegrated and a new texture developed. And then, the Schmid factors of three slip directions on the basal and prismatic planes of the dominant texture components are increased. Therefore, it is believed that the decrease of TYS after CEC is due to dominancy of texture softening over the strengthening by grain refinement. 16) In contrast, the increase of CYS of CECed ZK60 is due to the suppression of f10 1 12gh10 1 11i twinning. Because, the f10 1 12gh10 1 11i twinning occurs only under tension parallel to the c-axis or under compression perpendicular to the c-axis for Mg alloys.
2)
Summary
The effects of CEC processing at 350 C/8P on the microstructure, texture and mechanical properties, as well as the SDE of ZK60 alloy were investigated. The following results can be drawn.
(1) ZK60 alloy is obviously refined and uniformed by CEC processing.
(2) The initial fiber texture of as-extruded ZK60 alloy became disintegrated and changes into a new f10 1 13gh30 3 32i þ f10 1 11gh1 5 543i texture. (3) Due to the grain refinement and texture evolution, the SDE of ZK60 alloy is reduced remarkably. The CYS of ZK60 alloy increase is due to the suppression of f10 1 12gh10 1 11i twinning; while the TYS decrease is due to the texture softening. 
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